ABSTRACT Soon after an earthquake, the government should conduct a rapid assessment to determine the spatial distributions of the damages, including casualties, collapsed houses, infrastructures, and secondary disasters. The government can then allocate rescue teams and distribute rescue resources according to these factors. This paper introduces the process of rapid earthquake disaster assessment and describes the ioseismal attenuation model, damaged buildings model, economic losses model, and fatalities model. All the disaster loss assessment models are integrated into a geographic information system (GIS). Four earthquakes, for which adequate published records are available, are selected to examine the performance of the GIS-based rapid assessment in helping the government to perform emergency rescue work. The calculated results of the four selected earthquakes indicate that the intensities of the meizoseismal area and the affected area have the acceptable mean accuracies between 97.5% and 76.5%. The mean accuracies of the number of fatalities and direct economic losses are 66.1% and 54.2%, respectively, whereas the affected population, the number of damaged houses, and the number of injured people have relatively lower mean accuracies. Although the assessment results are not absolutely accurate, the spatial distribution of the results corresponds with the actual situation.
I. INTRODUCTION
Strong earthquakes have caused high casualties and significant economic losses throughout history. Since 1990, nearly one million people have died from the impacts of earthquakes [1] . Because the government must allocate rescue teams and distribute resources immediately after an earthquake [2] , it needs to be able to rapidly assess casualties and economic losses and their spatial distributions. In assessing the damage caused by an earthquake, speed and accuracy are important, in addition, visualization of the assessment results is also significant for describing the spatial distribution of fatalities and economic losses. A geographic information system (GIS) is a computer system for capturing, storing, querying, analyzing, and displaying geographically referenced data; the ability of a GIS to handle and process geographically referenced data distinguishes GIS from other information systems [3] . Earthquake damage assessment models integrated into GIS platforms can directly output the results onto maps containing all the model results and the spatial distributions of the calculation results [4] , [5] .
Various earthquake loss assessment systems are used around the world. Those systems can be classified into two main categories depending on the size of area they cover: global and local systems. Local systems output more detailed estimation results than global systems [6] . Some of the systems used around the world include: 1. The Prompt Assessment of Global Earthquakes for Response (PAGER) system developed by United States Geological Survey (USGS) to estimate fatalities and economic losses after significant earthquakes worldwide [7] . 2. The Quake Loss Assessment for Response and Mitigation (QLARM) system of International Centre of Earth Simulation (ICES), which provides alert level, injuries and fatalities estimates following disastrous earthquakes throughout the world [8] . These two systems are global systems, but the assessment accuracy of these systems have limitations for local government. 3. The Earthquake Rapid Reporting System in Taiwan, operated by the Taiwan Central Weather Bureau [9] . This system provides the early warning information in the form of maps and tables that are automatically generated by the system within 18 seconds after the origin time. 4 . The Istanbul Natural Gas Earthquake Response System is a real-time risk mitigation system [10] . Real-time ground motion data are transmitted to the system server, and the system outputs seismic activity maps and grid-based pipeline damage maps within 5 minutes. Furthermore, the maps are sent to several end users through the Internet. 5. The Real-time Assessment of Earthquake Disaster in Yokohama System publishes intensity maps through the internet and local cable TV within 10 minutes after an earthquake [11] . However, this system lacks further details regarding the earthquake to allocate rescue teams and resources. 6. The Early Post -Earthquake Damage Assessment Tool (EPEDAT) which provides real-time estimates of regional damages, losses and population impacts [12] . The EPEDAT first implemented the assessment models integrate into the GIS platform in the United States, which significantly improved the efficiency in understanding and managing a damaging disaster. 7. An intelligent simulation system for an earthquake disaster assessment system which is designed to identify the weakness of the structure and infrastructure system in pre-earthquake conditions, quickly assess earthquake damage and make an intelligent emergency response for the public and government during the earthquake and post-earthquake [13] . This system has been deployed and applied in Daqing City, China to mitigate the earthquake disaster losses. 8. The Yunnan Earthquake Disaster Loss Assessment System was developed by the Yunnan Seismological Bureau in 2009. Within 30 minutes after an earthquake, disaster loss estimation maps and reports can be published by this system [14] . This system only produces economic loss result, lacking the assessment results of deaths and injuries. Moreover, the disaster losses cannot be displayed on maps.
In addition, the damages and economic losses caused by damaging earthquake can be reduced though predicting and early warning earthquakes [15] - [17] . Moreover, with the development of remote sensing technology, multi-source data can be employed to assess urban damage and landslide after earthquake [18] , [19] . However, most of these approaches have much delay for generating assessment results due to the limitation of temporal resolution of remotely sensed data [20] . Although unmanned aerial vehicle (UAV) provides a rapid approach for acquiring the aerial remote sensing image and assessing the damages of a strong earthquake, which cannot output near real-time or immediate disaster loss assessment results [21] .
This article provides a rapid approach for damages and economic losses estimation. First, it describes the process of earthquake disaster assessment and introduces the isoseismal attenuation model, damaged buildings model, economic losses model, and fatalities model. Then, the necessary data for the disaster estimation models are integrated into the GIS platform and the methodology is described. Finally, four earthquakes are chosen as examples to discuss the assessment results.
II. EARTHQUAKE DISASTER ASSESSMENT PROCESS
In the process of the loss assessment of earthquake disasters, there are 4 steps always used. The first step is the basis for the other 3 steps. In this step, we use the intensity isoseismal model to calculate the earthquake disaster region. The second step is damaged buildings assessment, the results of which are an important factor for step 3 and step 4. We use the damaged buildings model to assess the number of damaged houses, which has different structures in step 2. The third step is economic losses assessment. Economic losses include the value of collapsed houses and other economic losses, but the damaged houses are the main economic loss. The last step is fatalities assessment; the number of fatalities and the spatial distribution of the fatalities are major factors in the deployment of rescue teams. Furthermore, this system has a function to review and revise the results. If more information of disaster area can be received after an earthquake, then the system can fix the assessment results according to the detailed information within a few minutes.
III. EARTHQUAKE DISASTER LOSS ASSESSMENT MODELS

A. THE ISOSEISMAL ATTENUATION MODEL
Isoseismal is the basis of the work of earthquake disaster loss assessment. Different regions have different geological structure. Thus, according to the characteristics of Yunnan Province, there are two isoseismal attenuation models used. The two models are for magnitude (Ms) <6.5 and magnitude >= 6.5, respectively. If the earthquake magnitude greater than 6.5 Ms, the earthquake will cause a linear source rupture. Meantime, the isoseismal line will change to a nonstandard ellipse. The epicentre and magnitude from different institutions, the delay times and the accuracy of the hypocentre are also dissimilar [22] , [23] . In this paper, the hypocentre and magnitude are obtained from China Earthquake Networks Centre within 3 minutes after an event, and the epicentre error is between 0.5 km and 1.5 km. The direction of the strike of the fault is the same as the direction of the nearest active fault, which is determined from maps. The earthquake source rupture length can be calculated by equation (2), if necessary. The process of calculating isoseismal lines is shown in Figure 1 . If Ms < 6.5, we apply the elliptical attenuation model of equation (1), which was developed by Xi et al. [24] :
(1) where I a is the intensity of the major axis, I b is the intensity of the minor axis, Ms is the magnitude, R a is the length of the major axis, and R b is the length of the minor axis. If Ms ≥ 6.5, earthquake source rupture length should be considered. Therefore, we apply equation (2) to calculate the earthquake source rupture length, which was developed by Zhong-Hua et al. [25] and Jiazheng et al. [26] . R b as the width is used to draw isoseismal lines, and R a and R b are combined to draw the arc of isoseismal lines.
where L is the earthquake source rupture length, and Ms is the magnitude. According to The Modified Mercalli Intensity Scale, when earthquake intensity was less than degree VI, people can feel the ground shaking, but buildings will not be damaged. Thus, the process of calculating isoseismal lines is stopped for VI earthquake intensity [27] . Then system uses the calculated R a , R b and L to draw isoseismal lines and calculates the total area of intensity areas as the affected area.
To obtain the closest active fault, we proposed a binary search method based on the buffer zone approach. First, the epicenter is used as the center of the buffer zone, and the short axis of the ellipse is used as the radius to draw the first buffer zone. Subsequently, the spatial analysis method is employed to inquire the topology relationship between buffer zone and active faults. If the number of active faults intersect with the buffer zone is greater than 1, then the radius is reduced by half. Further, a new buffer zone is created by the new radius, and the relationship is re-queried. If the number of active faults intersect with the buffer zone is less than 1, then the radius is increased by half. Similarly, a new buffer zone is created by the new radius, and the relationship is requeried. If the number of active faults intersect with the buffer zone is equal to 1, then returning the parameters of the active fault.
B. DAMAGED BUILDINGS MODEL
After the area affected by the earthquake is determined, the next step is to query building structures from the database and to calculate the number of damaged houses. According to the building characteristics of Yunnan Province, the type of the housing can be grouped into six categories: high-rise buildings (10 or more stories), frame structures, brick-concrete structures, brick-wood structures, civil structures, and other structures (some minority housing in Yunnan Province, such as Chuan Dou, includes timber structures and bamboo structures). The vulnerability classes of these six types of houses are E, D, C, B A, and A, respectively, according to the European Macroseismic Scale 98 (EMS-98). The percentages of the buildings in each of the fragility classes are as follows: 12.95% of high-rise buildings are in vulnerability class E, 14.71% of frame structures are in vulnerability class D, 17.11% of brick-concrete structures are in vulnerability class C, 17.29% of brick-wood structures are in vulnerability class B, and 17.73% of civil structures and 20.21% of other structures are in vulnerability class A. The occupancy rates in each of vulnerability classes are 21% in class E, 36% in class D, 32% in class C, 8% in class B and 3% in class A. The total area of damaged houses is calculated using equation (3) .
where E is the total area of the damaged houses, S i is the total house area of the assessment district i, A i is the damaged proportion of various types of housing structures of assessment district i.
C. ECONOMIC LOSSES MODEL
The costs to repair the damaged houses (including the cost to rebuild the collapsed houses) and the other economic losses constitute the total economic losses.
where L is the total economic losses in the disaster area, L h is the cost of the repair of the damaged buildings, and R a is the ratio of the total costs of the repair of the damaged buildings and other economic losses; the details are shown in Table 1 .
where D i is the ratio of total losses of houses to the total economic losses of the assessment district i, and P h is the repair price of one type of housing.
D. FATALITIES MODEL
There are various earthquake death assessment models in the published literatures, each of which focuses on different parameters [28] - [30] . There are approximately 27 different methods to assess the number of deaths caused by an earthquake. Five methods do not consider the vulnerability of houses and use the earthquake magnitude and intensity, population density, and earthquake time as the core parameters. Twenty-two other methods account for the vulnerability of houses and can be divided into two types deterministic or probabilistic based on estimates of the variables used in the formulae [31] . 
where y is the number of earthquake deaths, x is the magnitude, v is the intensity area, i is the intensity, ns is the per capita net income of farmers, cs is the per capita revenue, GDP is the GDP per capita, and t is the occupancy rate. If earthquake occurs between 8:00 and 11:00, t = 0.3 because farmers are in the field and office workers are in their workplace during this time. If earthquake occurs between 12:00 and 14:00, t = 0.7 because people have lunch and noon break during this time. If the earthquake occurs between 15:00 and 18:00, t = 0.3 because farmers are in the field and office workers in their workplace during this time.
If earthquake occurs between 18:00 and 7:00, t = 1 because people have dinner and rest during this time.
IV. INTEGRATING DISASTER LOSS ASSESSMENT MODELS WITH GIS
In different regions, the population density, building structure, geological structure, and economic level are different. Therefore, a crucial part of disaster loss assessment is to fix a position of the epicentre and determine the affected area within 1 minute after the system received an earthquake information [32] . Then, using the affected area as the query criteria, the earthquake database can be searched and the data summarized. This database contains spatial attributes and social and economic data. An effective solution of this crucial work is the integration of the disaster loss assessment models into a GIS [33] . Shapefile is commonly used in ArcGIS, ESRI. This file describes the geometric features and attributive characters of spatial data. Thus, a disaster loss assessment model integrated into GIS can improve the accuracy of the assessment results, and increase the efficiency of disaster loss assessment from different areas. 
A. DATA
Disaster loss assessment of an earthquake is a comprehensive and systematic project that requires multiple types of geo-spatial data. These data can be grouped into two categories, basic geographic data and socio-economic data (see Table 2 ). The data list is as follows: Because the research region is Yunnan Province, all the geo-spatial data uniformly use the Xi'an 1980 geographic coordinate system and the Gauss-Kruger projection coordinate system. The direction of the seismic rupture is the same as the direction of the nearest active fault. The direction of the different earthquakes is influenced by different active faults, and according to the relationship with the magnitude, active faults are split into three groups, each only capable of earthquakes in the given magnitude ranges: 1) 5∼6 Ms, 2) 6∼7 Ms, and 3) greater than 7 Ms. The active faults distribution maps are as shown in Figure 2 .
B. METHODOLOGY
Dynamic link library (DLL) is a module that contains functions and data that can be used by another module and can be used by Windows applications. In addition, DLL supports several applications that simultaneously use the same functionality. It both processes and exports data. Therefore, each estimation model is compiled into a DLL. Each assessment module consists of one or more DLLs, but different systems call for different modules to process the input data and acquire the results at different steps. The results can be transported from one module to another. We chose ArcGIS Engine as the GIS development kit to create the GIS platform and to integrate the disaster assessment models. In the end of the estimation process, the assessment results are output as a series of maps. A flowchart of the process is shown in Figure 3 .
Furthermore, a Microsoft Office API integrated into the GIS platform can export all the resulting maps and information into three Word files with predefined formats: Disaster Situation Brief Report, Basic Information of Earthquake Region Report, Rapid Assessment Report, and Measures and Suggestions Report.
V. RESULTS AND DISCUSSIONS
In 2014, 7 earthquakes occurred whose magnitude was greater than 5.0 Ms in Yunnan Province (see Table 3 ).
We Figure 4 .
The time in which results can be produced depends on the magnitude of the earthquake. The stronger the earthquake is, the more time needed to calculate the results. Because the affected area increases as the power of the earthquake increases, and because a larger area implies more data, the system needs more time to complete a calculation. Generally, disaster assessment maps and reports can be output from the system in 3 to 5 minutes when the earthquake's magnitude is less than 6 Ms. If the earthquake's magnitude is greater than 6 Ms, then the system needs 6 minutes or more to output all the results. When the system completes a calculation, all the reports and thematic maps are sent to the users and officers within 1 minute. Because one earthquake can produce 24 disparate thematic maps and 4 reports. The 24 thematic maps are divided into two groups: assessment result maps and basic information maps (see Appendix). In this study, we selected 4 thematic maps to demonstrate the assessment results. Other basic information maps mainly shown the distribution of population, economy, school, traffic, hospital et al. in the disaster area, which can be used to analyze the socio-economic conditions of disaster area and provide assistance with decision-making. The reports include the brief report of disaster, the rapid assessment report of disaster, the basic information report of disaster area, and recommendation report.
The detailed information of the Yongshan 5.3 earthquake are shown in Table 4 and Figure 5 . The intensity is ćoe degree in the meizoseismal area of this earthquake. The direction of the earthquake influence field is ENE-NE, controlled by the Lianfeng-Qiaojia fault. The area affected by the earthquake is 708.11 km2, with approximately 116.3 thousand people are affected. The calculated results of the affected population and number of damaged houses are greater than the reported results because the calculated affected area is larger than the observed area. The meizoseismal area is in Yongshan County.
The rapid assessment results of the Yingjiang 6.1 earthquake are illustrated in Table 5 and Figure 6 . The rapid assessment result of economic loss is 1.53 billion, and the result of actual survey is 1.72 billion. The results indicate that the estimate's degree of precision is acceptable. The map shows that the township where the epicentre is located is not where the most significant economic loss is sustained. The economic loss in Zhanxi Town is the most severe because the GDP of Zhanxi is higher than that of the earthquake's epicentre location. Table 6 and Figure 7 described and displayed the damages of the Ludian 6.5 earthquake. The rapid assessment model estimated that 630 people died. According to the earthquake damage assessment reports of the Earthquake Administration of Yunnan Province, 617 people died in this earthquake. The rapid assessment results show a high accuracy. The number of dead has a direct relationship with the population density and the building structures. This map indicates that the most VOLUME 7, 2019 serious fatalities were located in Longtoushan Town and Laodian Town in the meizoseismal area.
According to the results of the rapid assessment (Table 7 and Figure 8 ), more than 150 thousand houses were damaged by the Jinggu 6.6 earthquake. However, the reported results show 20,005 badly damaged houses in this earthquake, 1 fatality, and 324 injured people. The PAGER real-time loss alert system estimated the magnitude of the Jinggu earthquake to be 6.1 Ms, with its epicentre located at 23.383 • N latitude and 100.470 • E longitude, only 1 death and economic loss between 100 and 1000 million USD (680∼6800 million RMB), which from US2 (USGS National Earthquake Information Centre) were last updated 2014-12-19 23:27:28 (UTC). The results from the rapid assessment may be different from the results of the field investigation. The reasons for this, as explained by experts from the Yunnan Seismological Bureau, are that the government reinforces the local house structures that use the Chuandou wooden structure and brick-concrete structure. In addition, the low population density in the affected area is 43 people per square kilometer, which can lead to a low mortality rate. Finally, this area has a good ecological environment with forest coverage of over 70%, which significantly reduces secondary disasters, such as rock slides and landslides. In the half hour after the damaging earthquake, the communication in the disaster area was interrupted. Meantime, satellite and unmanned aerial vehicle (UAV) images also were can not be obtained. Moreover, only empirical models and statistical data were employed to rapidly assess the disaster losses in this period. Therefore, the assessment results of disaster losses are influenced by various factors. The most important factor is incomplete building structure data, which is acquired by sampling survey method especially in remote mountainous areas. Another impact factor is population density data. The population density of disaster area is calculated using the registered population. However, in the process of rapid urbanization, a large number of farmers work in cities and back to rural areas on holidays. Thus, this phenomenon caused the population density of urban areas is lower than the actual density and the population density in rural areas is higher than the actual density. In addition, weather and geological conditions have a significant impact on secondary disasters which can cause serious casualties and economic losses.
The assessment results prove that a GIS-based system using the isoseismal directionality to find the nearest active fault from the epicentre has a good performance, especially within the period that lack of satellite and UAV images of disaster areas. A town is used as the basic unit to estimate building damages, casualties and economic losses, and the system uses the results of all towns to calculate the total earthquake losses. Towns are also used as the basic unit for the estimation result map from which damages caused by the earthquake is directly reflected. Yellow and red are used to distinguish the degree of damage, with yellow indicating lower loss and red indicating higher loss. The spatial distribution of earthquake losses is in accordance with the results of the actual study and can help the government to effectively allocate rescue teams and distribute rescue resources.
VI. CONCLUSIONS
Rapid earthquake disaster loss assessment relies on basic geographic data and socio-economic data to support its operation. The assessment efficiency and the accuracy of spatial distribution of disaster losses can be improved through estimation models integrated into the GIS platform. This system can rapidly output the assessment of the damages according to the seismic location and magnitude. The process of rapid earthquake disaster assessment is comprehensive. First, the area affected by the earthquake is determined. Second, the system estimates the number of collapsed houses, economic losses and casualties based on the area. The system then outputs a series of evaluation data and 24 thematic maps. These data and maps can be consolidated into 4 reports for the government. On the basis of the estimated results, the system can judge the level of emergency response, and an emergency plan can be launched.
We selected 4 earthquake events as examples to show the calculated results and discuss the accuracy. Generally, the results can be output from the system in 3 to 5 minutes when the earthquake's magnitude is less than 6 Ms. If the earthquake's magnitude is stronger than 6 Ms, the system requires 6 minutes or more to output all the results.
In addition, all the reports and thematic maps are sent to the users and officers within 1 minute. In the calculated results of 4 selected earthquakes, the acceptable mean accuracies are 97.5% and 76.5% for the intensity of the meizoseismal area and the affected area, respectively. The mean accuracies of the number of fatalities and direct economic losses are higher than 50% (66.1% and 54.25%, respectively). The results of the affected population, the number of damaged houses and the number of injured persons are calculated by the system with mean accuracies of 45.24%, 38.5% and 17%, respectively.
Although this system is a local system, the estimation results are not absolutely correct, especially regarding the number of fatalities and injured. Due to inaccuracy in the data of some areas, the system outputs some incorrect results, such as building structures, GDP, and population. We also lack of knowledge of the building structures, their fragility, and other characteristics. In addition, we do not have adequate statistics on survival rates during earthquakes. More detailed and accurate data should be collected in the future, especially building and building structure data. Meanwhile, the parameters of the assessment models should be modified to improve the accuracy of the estimation results. 
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